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ABSTRACT

CD R media is increasingly being looked upon as an excellent archival media with an estimated storage life on the
order of 100 years. Since the government will be making large investments in CD-R media, it is imperative that the
characteristics of media, record ers, test devices and compatibility with CD-ROM 1cadersbe under-shod, This article
summarizes the results of aCD-R media evaluation conducted by SIGCAT (tile federal Speciallnterest Group for CD-ROM
Applications and Technology) and follow-on evaluations performed by the Data Distribution i .aboratory a JPL. For this
evaluation, 250 media samples from various manufacturers were recorded on several recorders at different record ram. i ivery
byte of every discrecorded in the study was retrievable on some, butnot @l C1-ROM readers. We arc confidentthat any
commercially available media recorded on 2X recorders will provide a reliable archival media. We have, however, identified
incompatibilities between single-speed (1X) recorders and phthalocyanine based media and between high speed recorders (i.e..
4X and 6X recor ders) and cyaninc-based med | a Werecommend that the industry address the recorder and media
incompatibilities and that aspecification be developed for arobust CD-Rreader for use. in archival applications.
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1.0 EVALUATION PROCEDURE

SIGCAT sent letters to all CID-R media vendors requesting their participation in a media study. Each vendor was
asked to donate 30 pieces of 63 and 74 minute media, preferably from difierent batches.  The DataDistribution | .ab recorded
three pieces Of media on cach recorder setup: Sony CHDW-900E ati X (single speed) and 2X (double speed), Kodak PCD-Writer
2AK) (Philips recorder) at 2X and JVC at1 X, Informal tests were aso conducted with anew Sony CDW-900L, a Yamaha
4X and Kodak PCD 600 6X recorder but are not included in the statistics presented in this paper.

The discs were then evaluated at each of three test sites (National Institute of Standards and ‘Technology (NIST) ,
National Technical Information Service (NT1S), and the Naval Air Warlare Centet (NAWC). Each test site has either a CD-
CATS Model SA? 01 SA3 compact disc analyzer (a speciatized PC computer and audio CD player). The CD-CATS dc.vice
reports @large number of parameters which describe the physical characteristics of the disc, pit geometry and the quality of the
recorded signal. The device also provides the location on the disc where certain minimum anti maximum value.s were
encountered (block criotrate, reflectivity, ete.). All test results were provided to JPL. foranalysis.

2.0 TEST DEVICE EVALUATION

Before attempting to interpret the results of the tests it iS important to have some confidence that the results are
accurate and repeatabyie. One of the reasons for the evalua [ion was the conflicting results of difterent test devices when
evaluating CD-ROM mcdia.

A summary of the percentage differences in values reported by the two test devices is provided in *1'able 1. The
preatest differ ences are for start k-ad-in area aud deviation which show larye differences in values ticasured by the two devices.
Values for track pitch, eccentricity, angular deflection, and reflectivity vary in the range of 10 to 20%. Values for maximum
information diameter, scanning velocity, push pull, cross-talk, block ertor rate, the specific cuor types, signal strength,
syminetry, burst errors an(i permanent error counts vary by about 5%. ‘The values for the locations on the disc where
minimum and maximum measurements were encountered tended to vary substantially (up to 30 percent).

These results lead us to believe that the CD-CATS wiii provide a gross indication of CD quality if used in a
controlled manner (e. g. calibrated to some standard) and will differentiate very good or very bad discs.




3.0 OBS ERVATIONS FROM TEST RESULTS

Ourtesting indicates that CD-R media is robust. We did not encounter any permanent dataloss onany of the test
media despite some discs being recorded far out of specification The average block erroniate for the vast majority of discs is
lower than that found 011 pressed C13-ROMs. Figure 2 summarizes the average block en or rate for 180 discs, Several
relationships are expressed in this figure, including the vendor, recorder and miedia doration. The scale onthe leftindicates the
recorder. The scale. onthe right gives the average block error values. 11 is clear that there. is a major incompatibility between
recorder 1 and ceitain media types. Discussions with the vendors indicated @ prior knowledge of this incompatibility which
could notbe remedied with ahardware or software upgrade. A further statistical analysis of allthe parameters provided by the
test dt.vices does not present any unanticipated correlations

Figure 1. Percentage difference of tested values
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Based on these test results we detenimined that a quality specification could be developed for archival media
procuteme nts, but that such a specification must include the recorder mo: el and ver sion id that would be used to record the
media. The specification we de’'velopeci required ablock errorrate less than | (), no E32's and no Burst Errors Greater than
Limitwhen tested on a CD-CATS tester. This specification was used in alarge procurement and severa vendors were
disqualified based on CD-CATS tests of theirmedia. ‘1’0 oor dismay, vendor re-testing of some of the discs on other CI-
CATS devices produced block error measurements an order of magnitud: smaller than those obtained on ous tester.
Recalibrating our lest device produced changes in some but not all of the testresults (see *1'able 1). We still do not understand
the reasons for these extrordinary differences. Perhaps they stem fromthe caibration procedures used for the vendor tests.

4.0 CD-ROM _ READERTESTING

Another goal of the CD-R evaluation was to investigate the compatibility of CD-R media with C D-ROM (eaders.
Because of the differences inspecifications of the Red Book and 01 ange Book, it IS possible that readers designed 1o Red ook
specifications WHLnot perform optimally with Orange Book media. In patticular, limits forreflectivity (which will effect
sig nalstrength) and push-pull (which may effect tracking) arc. extended



Itwas intended to conducta thorough study of al the sample niedia with avaricty Of CD-ROM readers and to
petform longevity evaluations on the media. U nfortunately, we ha ve not had the resources to carty outthese tests. A large
numberof media fromhe evaluation have been suppliedto the National Institute of Scicnce and Te¢hinology for hazaradous
environment and longevity testing, but no results have been released.

A limited evaluation of "defective” discs and commeicial C1D-ROM readers was conducted to detetine if 132 criors
teported by the test devices would produce real read eniors. The layered error correction capability available for CD-ROM discs
would be expected to correet some amount of the 15325 found on discs.  The data files on the discs were naned with their
approximate megabyte location S0 it was stiaightfor ward to associate the location of occurences of bad spots from the CD-
CATS tests with filc names on the discs. These "suspect” files were then copied with different CD-ROM readers  using
standard system utilitics and the resulting files compated to the original. Most readers were able to successfully read the file
contents. Some readers encountered unrecoverable read errors. it is ouropinton from this test that some some C-ROM
reader vendors may not be incorperating laycered error correction in their driver 8O fiware.  NOTE: Disc 5 was retested on
another testdeviee anti showed no 1532 enors, which may account for why Reader 6 was able to read it SUCCESS fylly, but was
not able to read any other discs with E3? errors.

Figure 2. Summary of Average Block Errors for all discs tested
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Table 1. B LER Test Results from Three CDCATS SA-3 Devices
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Table 2. CD-ROM Reader Test

Dise Number Disc 1 Disc? Disc3 Discd DiscS
Number of 1E32s 500000 300" 68 10 4
Reader 1 (1x) OK OK OK OK OK
Reader 2 (1X) FRROR ERROR OK ERROR OK
Reader 3 (2X) OK OK ERROR OK OK
Reader 4 (2X) oK OK oK OK OK
Reader s (3X) ERROR OK OK OK OK
Reader 6 (4X) 1:ATAL. FATAL FATAL, 1A-IA]. OK

Kodak has caried out an extensive evaluation of media, recordeis and Cl 3-ROM 1caders. More than 250 discs from
six different vendors were written in ten different iecorder/speed environments and tested on ten different readers. The results
are swnmarized in Figure 3, providing an overall "user convenicnce” leve i for cach media/tecording speed combination. The
six groups 01 results represent media from diffc.real CIY-Rvendors. The parameters used to produce this value include retries
oninsertion of the disc, dataoifile access retries, data miscompare on resdback and excessive playback time. The fipure
einforces the observation there arc still substantial incompatibilites between media/t ¢corder/reader combinations.

Figure 3. Media/Reader Convenience _Levels
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Another set of statistic ¢ provided by Kodak shows timing tests of discs jccorded with various media. I'hey show a
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wide range of read times fOT 2X readers from different VMOl g 4q well as some readers oy cfine down o lower yead speeds.

These stalistics |ofject our OWN experieneces a nd we are concerne ( (hat the interplay of CD-ROM readers and CD-R o dia are

notwell-understood.

S() CONCLUSIONS.

Giventhat the mediastudy was conducted when the industry wasinitsinfancy we feel that the overall performance
of CD Rs fiom all vendors IS exemplary. Every single byte of every single disc recotded in the study IS recoverable, even
when the dises ate orders of magnide beyond the Red Book specifications for BLIR or1i32 crrors. - We. believe thatexisting
test devices provide gross indications of the quality of CD-R media. We are not convinced that they provide information
which might be required to predict the performance of a CD-R disc with CD.ROM reade .




Weare very concerned with the wide range of performance of (1) -ROM teaders whenreading C-R media. We
recommend that the industry develop a specification for CD-Rreaders that IS tied to the differing specification of the Orange
Book vs the Red Book. These readers may be of fitde interest [0 the consumermarketbut will be extremely important 10 the
povernment community which will produce millions of archival CD-R discs overthe restof the decade.

While we did not conduct any longevity tests on the media from these tests, our media rescarch leads us to
recommend phthalocyan ine-based dye media for applications where longevity and resistance to heat or light exposure is
important, but only if dout)lc-speed orhigher speed recorders ate used. 1isingle speed recording ismandatory then we
recommend cyanine dye-based media.
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APPENDI X A, CD-R MEDI A CHARA CTERI STICS

CD-ROM and CD-R discs are quite different mediatypes. The (21>- ROMmaster iS produced using an expensive and
technically sophisticated recorder (lathie) and the quality control of the replication process can be guaranteed 1o produce good
results, JP'1.’s Planctary Data System has delivered nearly 100,()()()” CDD-ROMs o its customers without asingle substantiated
case of an unreadable. CH-ROM. The CD-ROM reader uses alaser beani 10 focus 011 the spiral of pits beneath the surface. of
the disc. The pits arc less reflective than the. lands between them and the reader interpiets the differences in reflectivity as the
recorded signal. CD-Rinedia is manufactured with a wobble groove (nec essary for tracking during recording), with an organic
dyc withinthe groove. The (*1)-1< recordes tracks the wobble groove and burns the dyc along the wobble groove, reducing the
reflectivity along the groove. A CIY-ROM reader senses these changes in reflectivity to track the recorded signalin the
wobble groove and sense the differences in reflectivity astherecorded signal. * 1" here are two major differences in specifications
for CD-ROM and CH-Rmedia which relate to these physical differences These arc the reflectivity (70 % for CD-ROM and
65% for CD-R and push-pull (.70 max for CD-ROM vs .90 for CI>-R). Thus CD-R dises wili demand the same recognition
of pits and lands from aCl )-ROM reader even though it is provided with alowei signal amplitude and more difficult tacking
requirenents.

Aside from these differences, other causes of errors in CD-Recordable media can be classified as manufacturing
defects, handling defects and recording defects. WC. have seen manufacturing defects occasionaly, including pt oblems with
printable coatings, scratches cavsed by disc labelling systems, and discs which can not track all the way to the outside edge of
the disc. Handling defects (scratches, moisture, dust) can be avoided with modest precautions, in particular, operators should
be wat ned to avoid sneezing on an unrecorded disc. Recording defects stem from the tacking Servo mechanism, optimun
laserpower control (01'(") and the wiite strategy. These factors create jitter, asymmetry (or 8 value), and peak shift which
combine to translate into high block error rate.



There are three major categories of ("1)-1{ mediaincluding data capacity (63 minute VS, 74 minute media), dye
compound (phthalocyanine vs. cyanine-based dye), and value-added capabilitics (printable orbar-coded media). Bach category
may in fluence the reliability of the media.

Inow study 63 minute media have have aslightly lower BLER than 74 minute media (3. 1 vs 3.3in our sample).
This phenomenonis attributed 10 cleaner grooves and a better OPC proc €SS for 63 minute media. As can be seenin Figure 2
deviations in symmetry and high BLLER are noticable toward the outside of the. disc.  The optimum power control process is
called "Running OPC". A "Running OPC" should work will with any types of media theoretically. It should also cope with
changes in laser wavelength while wiiting a disc, mediavariations on the surface and disc warping. However, for earlier
models of recorders we have notice.cf arun-away condition in the OPCwhich causes highasymmetry, especially for 74 minute
media. Figure 4 shows an example of this phenemenon,

The pregroove in the disc is not @ clean spiral butis wobbled with @ specific amplitude and period. The 74 minute
media requires a tighter petiod for the wobble groove and thus alighter manufacturing specification. In the case of one of the
single speed recorders there appears 10 be a deficiency in [racking a less than perfect wobble groove beyond 63 minutes.

The different dyes used by different vendors have animportant impact onrecording. Media with cyanine-based dyc
sccm& 10 woark better with 1 X recorders, while media using phthalocya nine-based dyc seeins 10 work better with 4X and 6X
recorders. Both dyes are equally compatible with 2X recording. Phthalocyan ine-based dye. works better with higher power
lasers in the range of 6 to 8 mW while cyanine based dye worksin the range of 5 to 7 mW. However, a high-speed recorder
with a OPC process calibrated to cyanine-based dyc showed as good result as phthalocyanine-based dye. One recommendation
of the media study is to encode a dyc type onmedia for recorders t0 recoy nize and t0 USC the correct write-strategy. In Japan, :

0SJ (Orange nook Study GroupinJapan) is proposing to put dyc type and manufacturer type code 1nlca(l inareato helpto
select an optimum write strategy and @ f value.  This obviously requires s Ncw type of a recorder whiéh can adjust arccording

power and a writing strategy.

Figure 4 BLERand _ Symmetry Vs, Recording Time
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APPENDIX B. CD-R RECORDER CHARACTERISTICS

Several recorder related factors contributed to errors in our study and in follow-up testing on high-speed recorders
Thiese include the recording speed, the optical power contiol process (described above), the wiite stategy (described above), and
the disc recording sequence.

In general, high-speed recorders worked better with phthalocyanine-based dye over cyanine assuming both media

types were manufactured under optimum conditions. They were also moie susceptible to manufacturing defects such as poor
groove o1 wobble, bad compound dye, o1 poor substiate. This may call for much tighter quality control in producing high

speed recordable media.
Most discs written with a certain recorder showed Y32 flags at 3, 63, and 74 minutes. The count of err ors (102, 104)

indicated that these errors were caused by hink points and did noc represent real data ercors, Cer tain recorders write the



program ar ca, then the lead- in, and finally the lead-ou t in sequence which can resultin stight overlap or gaps. 1 hese
deviations can produce “F-32 entors” which are outside the data i ca and o f no conseq uence when reading the disc. This does
not happen to recorders which write "Disc at Once”, where data 1§ recorded from lead-in'to 1 ead-out at once without any
ovetlap or gap. Another recorder wrote extra in formation fotmastering purposes atthe end Of lead-out causing some discs to
runping, out of space and emit an ertor message even though it had recorded all 74 minutes of data successfully.

/
APPENDIX C. CD TESTER CHARA CTERISTICS

There has been on-going controversy over two aspects of the CD-CATS devices used for our tests. These include the
frequency of the clockrecovery circuitry and the use of asingle-bealll player.

There is a difference in the clock recovery circuitry between CD-CATS devices and CD-Readers. As a disc rotates,
there needs to be a mechanisin to correct entor s in rotation speed. The clock recovery circuitry detects these errors and corrects
them. However, oldet audio CD player s such as the one used in SA3 systems use 1.5 kHz circuitr y instead of 2.5 kllz,

Thus, it takes longer to cortect a rotation speed error, and this causes higher BLER. Nearly all curiently manufactured CD
playets (including, audio players) use 2.5 kH z clock recovery citcuitry. Therefore, itis possible that soine BLER isintroduced
by the slow clock 1ecovery citcuitry and does not reflect true disc quality. However, having too stringent a test device should
not be anmajor issue.

There is also a difference in CI-ROM player servo mechanising of single-beam phase differential tracking (used in
the C D -CATS device) vs. three-beam tracking. It would be expected that the wobble groove of the CD-R might be more
challenging for a sitlglc-beam system to track, again potentialy producing more errors when tested on the CD-CATS device.
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